Sorption of the phenolic compound 2,4-dichlorophenol (2,4-DCP) by pyrolyzed and different forms of treated residue of Jordanian oil shale was examined. Pyrolyzed oil shale was prepared using a fluidized bed reactor at 520ºC in the presence of nitrogen. Physical activation was carried out by treating the resultant pyrolyzed oil shale with CO2 at 830ºC, while chemical activation of oil shale was carried out using KOH and ZnCl2 as impregnating agents. Uptake of 2,4-DCP onto the different types of sorbents increased in the order ZnCl2-OS > Pyr-OS > CO2-OS, with minimal uptake when KOH-OS was used. The process was found to be exothermic in nature. An increase in the initial pH of the solution negatively influenced the sorption of 2,4-DCP. The isotherm experimental data fitted reasonably to the Langmuir, Freundlich and Redlich-Paterson models. According to kinetics studies, the rate of 2,4-DCP sorption onto ZnCl2-OS was faster than that by Pyr-OS. Three kinetics models, namely the Morris-Weber model, Lagergren model, and pseudo-second-order model (PSOM), were applied to represent the experimental results for both pyrolyzed and ZnCl2-oil shale sorbents.
Introduction
Phenolic compounds are aryl alcohols in which the -OH group is bonded to an aromatic hydrocarbon. They are weak acids which ionize to phenolate in the presence of a base. Phenolic compounds could be present in wastewaters as a result of natural substance degradation, industrial activities or agricultural practices. They can cause toxicity, persistence and bioaccumulation in animal and plant organisms and may be dangerous to human health (Davi and Gundi 1999) . One of these phenolic compounds is 2,4-dichlorophenol (2,4-DCP) which is a colourless solid with a nasty smell. An oral dose of this compound is rapidly distributed throughout the body, with the highest levels found in the liver, heart, kidneys, lungs, blood and muscles (Manahan 1992) . Ingestion of large amounts can cause a burning sensation in the mouth, abdominal pain, sweating, lowering of body temperature, decreased respiration and death from respiratory failure (Fwell and Hunt 1988) .
The World Health Organization (WHO 1987) has taken into consideration the harmful effect of phenolic compounds, and thus has set maximum permissible limits for their concentrations in water. According to WHO, the maximum permissible level for 2,4-DCP is 40 µg/L. Therefore, a removal technique should be applied whenever the concentration of 2,4-DCP in water exceeds this level. Several technologies are known for the removal of phenolic compounds from wastewater; the most well known of these is the adsorption process. Researchers have developed many materials, as adsorbents or ion-exchangers, for the removal of chlorophenols from either aqueous solutions or wastewaters. Akgerman and Zardkooni (1996) studied the adsorption isotherms for removal of phenol, 3-chlorophenol and 2,4-dichlorophenol from water onto fly ash. They found that fly ash adsorbed 67, 20 and 22 mg/g of phenol, 3-chlorophenol and 2,4-dichlorophenol, respectively, at the highest water phase concentrations that have been used. Caturla et al. (1988) determined the adsorption capacity of phenol and substituted phenols, such as 4-nitrophenol, 2,4-dinitrophenol and 2,4-dichlorophenol, from aqueous solutions on a series of activated carbons prepared from olive stones. They found that the adsorption process was controlled predominantly by the porosity of the carbon when the microporosity was narrow in range. Ku and Lee (2000) used Amberlite XAD-4, a polystyrene-divinyl benzene resin without a functional group, to adsorb 2-chlorophenol (2-CP), 2,4-dichlorophenol (2,4-DCP), 2,4,6-trichlorophenol (2,4,6-TCP), 2-nitrophenol (2-NP), 2,4-dinitrophenol (2,4-DNP) and 2-methylphenol from aqueous solutions. Chan and Fu (1997) studied the removal of three phenolic compounds, namely 2-CP, 2,4-DCP and 2,4,6-TCP, from aqueous solutions using highly cross-linked cationic starch containing a tertiary amine group. They found that the ion exchange process predominated at an initial pH of 12 for 2-CP and dominated over the initial pH range of 10 to 12 for 2,4-DCP and 2,4,6-DCP. Danis et al. (1998) obtained removal efficiencies of 26.3 and chemically activated oil shale sorbents using the impregnated agents ZnCl2 or KOH (ZnCl2-OS or KOH-OS, respectively) are reported elsewhere (Al-Asheh et al. 2003 . The carbonization and activation processes were carried out in a stainless steel reactor (40 cm in length, 30 cm i.d.) and placed in a vertical tube electrical furnace (HERAEUS D-6450, Germany).
Batch Sorption Experiments
The sorbents, Pyr-OS, CO2-OS, KOH-OS and ZnCl2-OS, were used for the removal of 2,4-DCP in the batch sorption procedure. The procedure for the determination of kinetics and isotherms at different conditions are reported by Al-Asheh et al. (2002) . This procedure is summarized in the schematic diagram shown in Fig. 1 . Emerson (1943) , in his investigation of large numbers of phenolic compounds reacting with 4-aminoantipyrine (4-AAP), concluded that this reagent does not react with para-substituted phenols unless the substitute group was halogen, carboxyl, sulfonic acid, hydroxyl or methoxyl. Therefore, another active reagent is needed. The Folin phenol reagent (Folin & Ciocalteau) contains phosphomolybdic and phosphotungstic acids which are reduced to a heteropoly blue in alkaline solution and can be used as a reagent for 4-DCP analysis (Box 1983) . The procedure for the determination of 2,4-DCP concentration is described below using sodium carbonate solution (0.5 M) as a reagent (Box 1983 ):
Analysis of 2,4-Dichlorophenol
1. 5 mL of a 2,4-dichlorophenol sample was added to 5 mL of distilled water. 2. 1.5 mL of sodium carbonate solution was added. 3. 0.5 mL of Folin & Ciocalteau reagent was added. 4. After 1 hour, the absorbance was read at 766-nm wavelength using distilled water as a blank.
Results and Discussion

Kinetics of Sorption Process
The kinetics of 2,4-DCP adsorption by Pyr-OS and ZnCl2-OS was investigated at various initial concentrations of 2,4-DCP. It was found that a 24-h period was required to attain the equilibrium as compared to the other phenolic compounds studied by the authors (AlAsheh et al. 2003 (AlAsheh et al. , 2004 . However, in order to ensure equilibrium, subsequent experiments were run for 48 h, for the purpose of obtaining the isotherms. Figures 2A and 2B provide the kinetic data for sorption of 2,4-DCP onto Pyr-OS and ZnCl2-OS, respectively. It can be concluded that the rate of 2,4-DCP sorption onto ZnCl2-OS was relatively faster than that by 14.8% for 2,4-DCP using alumina-pillared clay and alumina aluminum phosphate, respectively. Considerable research has been performed to identify the mechanisms of adsorption of phenolic compounds. On the basis of Fourier transform infrared spectrophotometry of p-nitrophenol after adsorption, Mattson et al. (1969) concluded that the reactivity of phenolic compounds was due to the π-electron system of the aromatic ring, which can act as an electron acceptor in a donoracceptor complex. Coughlin and Ezra (1968) suggested that phenol at a low concentration was adsorbed in a planar orientation and was held by dispersion forces acting between the π-electrons of the graphitic basal planes and the phenol molecule. Mahajan et al. (1980) argued that phenol molecules may form hydrogen bonds with polar oxygen centred on the carbon surface but may have to complete with water for those sites.
This work extends the utilization of sorbents for the removal of 2,4-dichlorophenol by the development of cheaper sorbents from natural sources. An interest has been raised in utilizing Jordanian oil shale, firstly as a naturally occurring material suitable as another oil-fuel source using pyrolysis techniques (Ballice et al. 1996) , and secondly, as a good sorbent for many pollutants, such as heavy metals (Al-Asheh and Banat 2001; Shawabkeh et al. 2004 ) and dyes (Al-Qodah 2000) . Oil shale consists of marlstone-type sedimentary inorganic material containing complex organic polymers (kerogen) with high molecular weight. Oil shale is by far the largest fossil resource in Jordan, with total reserves of approximately 5 × 10 10 tonnes. However, there is little information available concerning the pyrolysis of Jordanian oil shale (Jaber and Probert 2000) . Darwish et al. (1996) have used spent oil shale without any treatment as sorbent to remove phenol from aqueous solutions. Leached and combusted oil shales were found to be weak adsorbents for phenol (Al-Zou'bi 1997). Other researchers found that oil shale was capable of removing appreciable amounts of copper and zinc ions from aqueous solutions (Al-Asheh and Banat 2001) .
In this work, the experimental results for the sorption of 2,4-dichlorophenol (2,4-DCP) using different types of treated oil shale are presented. Effects of operating parameters, such as adsorbent concentration, 2,4-DCP initial concentration, initial pH, temperature and the addition of inorganic salts were examined.
Materials and Methods
Adsorbents
Jordanian oil shale in the form of solid rock was used in this work. The oil shale was crushed and sieved to get the size of 0.212 to 0.5 mm. Procedures for the preparation of pyrolyzed oil shale sorbent (Pyr-OS), physically activated oil shale sorbent using CO2 (CO2-OS), and Pyr-OS (Fig. 2 ). This could be attributed to the nature of the pores developed by two different treatment methods. Figure 2 shows that the sorption process can be divided into three regimes. The first one was very fast, but relatively slower in the case of Pyr-OS, characterized by rapid attachment of 2,4-DCP to the surface of the sorbent. The second regime, which was slower due to the intraparticle diffusion, and the third regime where the sorption process ceased indicating equilibrium. These results also showed that both types of oil shale sorbents had the ability to remove different amounts of 2,4-DCP from aqueous solutions. An increase in 2,4-DCP concentration resulted an increase in its uptake. This is due to the explanation provided in previous work (Al-Asheh et al. 2003) in terms of the mass driving force.
Three mathematical expressions were used to represent the kinetic data in Fig. 2 and to explore the different mechanisms that could be involved in this process. These are (Ho 1995) : Morris-Weber model:
Lagergren first-order model:
Pseudo-second-order model (PSOM): 
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To demonstrate the participation of intraparticle diffusion in this sorption process, the Morris-Weber model was applied. Figures 3A and 3B show the results of plotting the uptake versus the square root of time for the sorption of 2,4-DCP by Pyr-OS and ZnCl2-OS, respectively. In the case of 2,4-DCP sorption onto Pyr-OS at low concentrations, the results are represented by a linear relationship, which is close to the origin, indicating the possibility of particle diffusion as a rate-controlling step. At higher 2,4-DCP concentrations, two lines are involved with rapid diffusion rates in the initial stage, reflecting the presence of different sizes of pores (Hasany et al. 2000) . In this case, the particle diffusion is involved but might not be the ratelimiting step as the lines of the second stage deviate largely from the origin. However, in the case of 2,4-DCP sorption onto ZnCl2-OS, the two lines are involved for all 2,4-DCP concentrations, again with rapid diffusion rates in the initial stage which also reflects the presence of different sizes of pores. Values of the intraparticle diffusion rate constant, Kd, are displayed in Table 1 for both sorbents at different concentrations. It can be seen that Kd values increased with the increase in the initial concentration of 2,4-DCP.
The Lagergren model was also applied to the experimental data of Fig. 2 . The results of this model for the sorption of 2,4-DCP by Pyr-OS and ZnCl2-OS at different initial concentrations are shown in Fig. 4A and 4B, respectively. The Lagergren model assumes a first-order kinetic rate based on surface reaction (Mondal and Lalvani 2000) . It was found that the model represented the experimental data reasonably well as could be confirmed from the R 2 values displayed in Table 2 . This showed that the process kinetics obeyed the first-order reaction model. Numerical values of the first-order reaction rate constant, k, are also shown in Table 2 for both Pyr-OS and ZnCl2-OS. A higher-order value of the first-order rate constants were obtained, according to the Lagergren model, when 2,4-DCP was adsorbed by ZnCl2-OS.
Applicability of the PSOM to the experimental data would indicate that the sorption process is of pseudosecond order and that the rate-limiting step may be of a chemisorption nature. The mechanism may involve valence forces by sharing or through the exchange of electrons between sorbent and sorbate (Ho et al. 2001) . The application of the PSOM to experimental data of Fig. 2 was performed by plotting t/qt versus t at different 2,4-DCP concentrations. The results are shown in Fig.  5A and 5B for sorption of 2,4-DCP by Pyr-OS and ZnCl2-OS, respectively. This model was found to more adequately represent the data for sorption of 2,4-DCP by ZnCl2-OS than that by Pyr-OS (Fig. 5) . This can be confirmed from the R 2 values presented in Table 3 for both sorbents. Therefore, it was likely that the three mechanisms mentioned earlier could have contributed to the sorption of 2,4-DCP by Pyr-OS and ZnCl2-OS. The values of the pseudo-second-order rate constant, k2, are shown in Table 3 for both sorbents.
Equilibrium Isotherms
Equilibrium isotherms for the sorption of 2,4-DCP by treated oil shale using the methods mentioned earlier, and explained in Al-Asheh et al. (2000a,b) , were developed using a batch process. Chemically activated oil shale, using KOH as an impregnated agent, showed no adsorption at all toward 2,4-DCP. For the other sorbents, the equilibrium isotherm results were found to be described well by linearized Freundlich and Langmuir models. The forms of these models can be written as: 
Langmuir:
The applicability of Freundlich and Langmuir models to a set of experimental data can be verified based on the linearity of the plots of lnqe versus lnCe and 1/qe versus 1/Ce, respectively, over the entire concentration range. The constants KF and 1/n can be obtained from the slope and intercept of lnqe versus lnCe, respectively; while the constants qm and b can be obtained from the slope and intercept of 1/qe versus 1/Ce, respectively.
Based on the R 2 values, an indication of the goodness of fit, all the sorption systems followed both models reasonably well except for CO2-OS (Table 4) . When CO2-oil shale was used to remove 2,4-DCP, the Freundlich model did not reasonably fit the sorption data of 2,4-DCP over the concentration range used in this work, and the linear correlation factor had the lowest value. Table 4 shows the Langmuir and Freundlich constants for 2,4-DCP uptake by Pyr-OS, CO2-OS and ZnCl2-OS. ZnCl2-oil shale had the largest value of KF reflecting the highest sorption capacity of this sorbent followed by CO2-OS and then Pyr-OS. The higher value of the Freundlich constant, 1/n, for Pyr-OS, reflects a lower siteenergy heterogeneity, and thus a relatively uniform surface. Langmuir and Freundlich constants for the sorption of 2,4-DCP by some other adsorbents are summarized in Table 5 . It is seen that these values are different from one sorbent to another; however, the values obtained in this work are relatively similar to those shown in Table 5 .
The experimental adsorption isotherms were also represented by the Redlich-Paterson equilibrium model, which can be written as: where K1, K2 and n are the model empirical parameters. This model showed better fit of the experimental data for the three sorbents Pyr-OS, CO2-OS and ZnCl2-OS (as shown in Fig. 6 ), since it is a three-parameter model. The model parameters, K1, K2 and n, are shown in Table  6 for the three sorbents.
Effect of Sorbent Type
Among all sorbents tested in this work, chemically activated oil shale, using ZnCl2 as the impregnated agent, showed the highest uptake of 2,4-DCP (Fig. 6) . The efficiency of ZnCl2 activation reaction was probably due to the absence of tar, meaning disorganized carbon formation during the impregnated carbon precursor pyrolysis. Physically activated oil shale (CO2-OS) had the lowest uptake of 2,4-DCP from aqueous solutions compared to the other sorbents. However, its sorption capacity was comparable to that of Pyr-OS at low concentrations of 2,4-DCP. This trend was similar to that obtained by Torregrosa and Martin-Martinez (1991) for the adsorption of nitrogen by activated almond shells. They concluded that the micropore dimension in ZnCl2-activated carbons was greater than that in CO2-activated carbons. Keeping in mind the large size of 2,4-DCP molecules, the ZnCl2-OS can adsorb more 2,4-DCP molecules than CO2-OS. In addition, according to Torregrosa and Martin-Martinez (1991) , the CO2 activation process produced a narrower micropore size distribution with a negligible part having wider micropores. ZnCl2 activation developed a supermicroporosity that resulted in a wider micropore size distribution, or a larger mean pore size, starting from lower impregnating rates. The low sorption capacity of CO2-OS compared to that of Pyr-OS could also be due to the blocking of CO2-OS micropores by the tar. The negligible adsorption capacity of KOH-OS could possibly be due to excessive KOH molecules decomposing into water, which causes an over-gasification of oil shale under high temperature as follows:
Al-Asheh et al. 
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This over-gasification resulted in a decrease in the surface area, particularly micropore surface area (Guo and Lua 1999) . Maximum percentage removal of 2,4-DCP achieved by ZnCl2-OS had a value greater than 43%, which was higher than that obtained by other sorbents. Danis et al. (1998) showed that the sorption of 2,4-DCP by alumina pillared clay was accomplished with a maximum percentage removal of 26.3%, and this value was reduced to 14.8% when alumina aluminum phosphate was the sorbent.
Because ZnCl2-OS showed higher sorption efficiency than other developed sorbents, it was decided that this sorbent would be used to study the influence of such operating parameters, sorbent concentration, temperature and initial pH, on the uptake of 2,4-DCP. Figure 7 shows the effect of adsorbent concentration on the removal of 2,4-DCP from aqueous solutions, using ZnCl2-OS as an example. The concentration of 2,4-DCP was further decreased when the concentration of the sorbent in the suspension was increased from 1 to 50 mg/mL. For example, the initial concentration of 60 mg/L of 2,4-DCP solution decreased after adsorption to 28.37 mg/L when the sorbent concentration was 5 mg/mL; this value further decreased to 2.31 mg/L when the sorbent concentration increased to 50 mg/mL. This was an expected result; as the sorbent particles surrounding 2,4-DCP increased, more 2,4-DCP was attached to these particles. After the sorbent concentration of 20 mg/mL, the residual concentration did not change significantly (Fig. 7) . Therefore, sorbent concentration of 20 mg/mL was the most economical and convenient for this removal process at these operating conditions.
Effect of Sorbent Concentration
Effect of Temperature
The effect of temperature on the sorption of 2,4-DCP by ZnCl2-OS was evaluated by obtaining isotherms at 25, 35 and 45ºC. Figure 8 shows that the 2,4-DCP uptake decreased with an increase in the system temperature; this trend was clear for all 2,4-DCP initial concentrations over the range of 5 to 120 mg/L. This showed that the process was exothermic. The equilibrium data were found to be well represented by the Freundlich isotherm and the Langmuir isotherm models. The constants of these models are shown in Table 7 . 
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The apparent enthalpy (ΔH), Gibbs free energy (ΔG) and entropy (ΔS) for sorption of 2,4-DCP onto ZnCl2-OS can be determined using the Langmuir constant b at different temperatures by means of the following thermodynamic relationship:
1n
Accordingly, ΔH can be estimated by plotting lnb versus 1/T (not presented). The value of ΔH was found to be -50.918 KJ/mol, which was less than that for the sorption of phenol by ZnCl2-OS, which was approximately -78 kJ/mol (Al-Asheh et al. 2003) . The negative ΔH value confirmed the exothermic nature of the sorption process. Since the value of ΔH is greater than 45 kJ/mol, this indicates the chemisorption nature of the sorption process (Ho et al. 2001) , i.e., relatively strong interaction between solute and surface. The values of ΔG and ΔS at different temperatures are listed in Table 8 . The negative sign of ΔG indicates the spontaneous nature of this adsorption process.
Effect of Initial pH
The effect of solution pH on the equilibrium adsorption of 2,4-DCP is shown in Fig. 9 . Generally, the uptake is different between two different conditions-one involving molecular species of 2,4-DCP and the other involving ionic species of 2,4-DCP. This is due to the nature of the electrostatic forces between ionic species and the surface of the adsorbent. 2,4-dichlorophenol showed the same trend with pH similar to phenol and nitrophenol discussed elsewhere (Al-Asheh et al. 2003 . 2,4-DCP was effectively removed by ZnCl2-OS in the acidic range (pH < pKa = 7.9) where the presence of 2,4-DCP molecular species dominates. The uptake decreased sharply in the alkaline range where the negatively charged ionic species of 2,4-DCP is the dominant species. It was noticed that the pH was slightly increased at the end of each sorption experiment; for the case of pH 3, the final pH was in the range 3.5 to 4, for pH 6.7 the final pH was in the range 7.2 to 7.6, and for pH 9 the final pH was in the range 10 to 10.6. Ku and Lee (2000) studied sorption of 2,4-DCP by XAD-4, a polystyrene-divinyl benzene resin and obtained similar trends for the sorption process at different pH values.
Conclusions
The sorption of 2,4-dichlorophenol (2,4-DCP) by pyrolyzed and different forms of treated residue of Jordanian oil shale was evaluated. Uptake of 2,4-DCP onto the different types of sorbents increased in the order ZnCl2-OS > Pyr-OS > CO2-OS, with negligible uptake using KOH-OS. The increase in the 2,4-DCP concentration in the sorbent suspension resulted in an increase of its uptake. The sorption of 2,4-DCP by ZnCl2-OS was found to be exothermic in nature, as sorption decreased with temperature. Increasing the initial pH value of 2,4-DCP solutions resulted in a decrease of 2,4-DCP sorption capacity by ZnCl2-OS. Different kinetics models were assessed for the kinetics data of this work; the PSOM was the most adequate model to represent the kinetics data. Although Langmuir and Fruendlich isotherm models showed reasonable representations of the equilibrium isotherm data of the three sorbents used in this work, the three-parameter Redlich-Paterson model was more adequate. 
